To examine the effect of late-life body mass index (BMI) and rapid weight loss on incident mild cognitive impairment (MCI) and Alzheimer's disease (AD). Design: Prospective longitudinal cohort study. Setting: National Alzheimer's Coordinating Center (NACC) Uniform Data Set, including 34 past and current National Institute on Aging-funded AD Centers across the United States. Participants: 6940 older adults (n=5061 normal cognition [NC]; n=1879 MCI). Measurements: BMI (kg/m 2 ) and modified Framingham Stroke Risk Profile (FSRP) score (sex, age, systolic blood pressure, anti-hypertension medication, diabetes mellitus, cigarette smoking, prevalent cardiovascular disease, atrial fibrillation) were assessed at baseline. Cognition and weight were assessed annually. Results: Multivariable binary logistic regression, adjusting for age, sex, race, education, length of follow-up, and modified FSRP related late-life BMI to risk of diagnostic conversion from NC to MCI or AD and from MCI to AD. Secondary analyses related late-life BMI to diagnostic conversion in the presence of rapid weight loss (>5% decrease in 12 months) and apolipoprotein E (APOE) ε4. During a mean 3.8-year follow-up period, 12% of NC participants converted to MCI or AD and 49% of MCI participants converted to AD. Higher baseline BMI was associated with a reduced probability of diagnostic conversion, such that for each one-unit increase in baseline BMI there was a reduction in diagnostic conversion for both NC (OR=0.977, p=0.015) and MCI participants (OR=0.962, p<0.001). The protective effect of higher baseline BMI did not persist in the setting of rapid weight loss but did persist when adjusting for APOE ε4. Conclusions: Higher late-life BMI is associated with a lower risk of incident MCI and AD but is not protective in the presence of rapid weight loss.
Introduction
Alzheimer's disease (AD) remains the most common cause of dementia among older adults, and estimates suggest AD will affect over 13 million individuals in the United States by 2050 (1) . AD has an impact on physical activity (2) , quality of life (3) , and nutrition (4) , and it is frequently associated with weight loss (5) . The contributing effect of late-life body weight, and more specifically Body Mass Index (BMI), on AD has been inconsistent (6, 7) . Several studies suggest that a lower late-life BMI is associated with an increased risk of incident dementia (6, (8) (9) (10) (11) ; however, other studies have suggested that late-life obesity is associated with smaller brain volumes (a marker of neurodegenerative disease) in individuals with mild cognitive impairment (MCI) and AD (12) , that increased BMI may be associated with an increased risk (6) , or that lower late-life BMI does not have an effect on increasing the risk of clinical dementia (13, 14) . A meta-analysis pooling data from >13,000 participants yielded null results between late-life BMI and incident dementia (15) . This meta-analysis and other studies have been limited by the inconsistent documentation of dementia (10) (e.g., diagnostic codes, medical record documentation, cognitive screening tools, dementia subtype), populations included (MCI, normal cognition) [NC] (11) , and inconsistent adjustment for comorbid covariates such as cardiovascular (CV) risk factors, time to follow-up, and apolipoprotein E (APOE) ε4 status (a genetic susceptibility risk factor for AD) (10, (16) (17) (18) (19) (20) .
Frailty, a risk factor for incident dementia that includes unintentional significant weight loss (shrinkage) (21) , has added to the complex relations between BMI and incident AD (22) . It remains unclear whether a lower BMI is independently associated with incident cognitive impairment or whether a recent decrease in BMI has a greater impact on the risk of AD as compared to individuals who have had a lower but stable BMI. Further, weight loss is a common feature of AD and often occurs prior to the onset of clinical AD symptoms (23) , suggesting low BMI may be a clinical feature of the AD pathological process rather than an underlying risk factor.
In this study, we utilize the large National Alzheimer's Coordinating Center (NACC) Uniform Data Set (UDS) (24) to assess whether late-life BMI is associated with diagnostic conversion from NC or MCI to dementia or conversion from MCI to dementia while statistically adjusting for relevant vascular health variables known to affect cognition (25) . We hypothesize that when we control for increased vascular risk, which disproportionately affects obese individuals, lower late-life BMI is associated with an increased risk for conversion to MCI or dementia. We also assess the effects of significant weight loss (shrinkage) in the 12 months preceding diagnostic change and the effects of APOE ε4 status on the relationship between BMI and diagnostic conversion. We anticipate that because APOE ε4 genotype has not been shown to be associated with either increased BMI or vascular risk (17, 18) the relationship between BMI and diagnostic conversion remains in the presence of APOE ε4. Our study's novelty lies in examining the differential effect of BMI on development and progression of cognitive decline by diagnostic classification, including individuals with NC or MCI, examining associations between BMI and diagnostic conversion in the presence or absence of shrinkage and by utilizing the Framingham Stroke Risk Profile (FSRP) score (26) as a covariate for systemic vascular health.
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Methods
Setting and participants
NACC maintains a database of participant information collected from 34 past and present National Institute on Agingfunded AD Centers. In 2005, NACC implemented the Uniform Data set (UDS), a standard data collection protocol, including clinical, medical history, neurological, and neuropsychological results (24) . The current study included participants evaluated between 9/1/2005 and 9/1/2014 age 55 to 90 years diagnosed with NC or MCI at their first UDS visit at which the participant's weight was recorded. Participant selection and exclusion details (n=6940) are displayed in Figure 1 . The study was approved by the local Institutional Review Board prior to data access and analysis.
Cognitive diagnostic classification at baseline
Cognitive diagnosis for each participant is based upon clinician judgment or a multi-disciplinary consensus team using information from the comprehensive UDS work-up, definitions below were specific for this study and include:
1. NC is defined by (a) Clinical Dementia Rating (CDR)=0 (no dementia), (b) no deficits in activities of daily living directly attributable to cognitive impairment, and (c) no evidence of cognitive impairment. No evidence of cognitive impairment is defined as standard scores falling 1.5 standard deviations within the age-adjusted normative mean on neuropsychological tests assessing language, attention, memory, and executive functioning.
2. MCI determinations are based upon Albert et al., 2011, criteria (27) and defined as (a) a CDR≥0.5 (reflecting mild severity of impairment), (b) relatively spared activities of daily living, (c) objective cognitive impairment in at least one cognitive domain (i.e., performances falling greater than 1.5 standard deviations outside the age-adjusted normative mean in memory, language, attention, or executive functioning) or a significant decline over time on the neuropsychological evaluation, (d) Mini Mental Status Examination (MMSE) ≥23 (e) report of a cognitive change by the patient or informant or as observed by a clinician, and (f) absence of a dementing syndrome (defined below).
3. Dementia included meeting criteria for AD (28) or other cause of dementia (29) (30) (31) (32) (33) (34) (35) defined as (a) objective cognitive impairment (i.e., performances falling greater than 1.5 standard deviations outside the age-adjusted normative mean) in at least two cognitive systems (i.e., memory, language, attention or executive functioning), and (b) cognitive impairment contributes directly to impaired activities of daily living.
Cognitive diagnostic outcome
Cognitive diagnostic outcome was defined by assessing the trajectory of cognitive diagnosis over time. For participants with an unchanged diagnosis from baseline to the last available UDS follow-up visit, the diagnostic conversion was defined as "stable". For participants with progressive diagnostic changes over time, the diagnostic conversion was defined as "convert". Individuals who ever received a diagnosis of NC or MCI after a diagnosis of AD or who received a diagnosis of MCI at baseline but had a diagnosis of NC as of their last visit were excluded from the analysis. Although prior literature has suggested participants with this trajectory should be included and classified as NC, our rationale to exclude these participants is due to the concern that the original determination of their cognitive impairment may have been accounted for by an underlying medical condition. The nature of the medical condition may have affected BMI (e.g., hypothyroidism) and confounded our findings (36) .
Thus, among NC participants, diagnostic outcome was defined as (i) stable if they were also classified as NC at their last available visit or (ii) conversion if they were classified as either MCI or dementia at their last available visit. Among MCI participants, diagnostic outcome was defined as (i) stable if they were also classified as MCI at their last available visit or (ii) conversion if they were classified as having dementia at their last available visit.
BMI
Baseline BMI was calculated from first visit height (m) and weight (kg) and coded both as a continuous measure (kg/m 2 ) and as a categorical measure according to National Heart, Lung and Blood Institute recommendations (i.e., <18.5=underweight, ≥18.5 <25 =normal, ≥25 <30=overweight, ≥30 <35=obese, ≥35 morbidly obese). For participants with missing weight at the first visit, the first visit with non-missing weight was used as the baseline visit, with height information obtained from the closest available visit.
Significant weight loss prior to diagnostic conversion (shrinkage)
To determine the effects of significant weight loss (shrinkage) in the 12 months prior to diagnostic conversion we categorized participants as follows:
1) For participants who were diagnostically stable over the follow-up period, significant weight loss was calculated as >5% BMI decrease between the most recent UDS visit where BMI was available and BMI measured 12 months prior (using a 9-15 month window).
2) For participants who diagnostically converted over the follow-up period, significant weight loss was calculated as >5% BMI decrease between the BMI recorded at the UDS follow-up visit with the diagnostic status change and BMI measured 12 months prior (again, using a 9-15 month window).
Framingham Stroke Risk Profile (FSRP)
To assess systemic vascular health, we calculated a modified FSRP at baseline which assigns points by sex for age, systolic blood pressure, history of diabetes, current cigarette smoking, prevalent cardiovascular disease (CVD), defined as history of myocardial infarction, cardiac arrest, coronary angioplasty, endarterectomy, coronary artery bypass grafting, or congestive heart failure), history of atrial fibrillation, and the use of antihypertensive medications. The standard FSRP calculation is modified here to exclude points assigned for the presence or absence of left ventricular hypertrophy because electrographic or echocardiographic measures are unavailable in UDS (25) .
Statistical Analysis
Descriptive statistics for baseline clinical characteristics, including age, sex, race, education, years of follow up, systolic blood pressure, prevalent comorbidities (CVD, diabetes mellitus, heart failure) APOE ε4 status and FSRP score were calculated by baseline BMI categories for the total sample and for each baseline diagnostic group (i.e., NC and MCI). Clinical characteristic comparisons between BMI categories were conducted using Kruskal-Wallis tests (for continuous variables) and Pearson's chi-square tests (for categorical variables).
For primary analyses assessing the effect of baseline BMI status on the likelihood of cognitive diagnostic conversion by baseline diagnostic group, multivariate logistic regression models were used within each baseline diagnostic group with baseline continuous BMI as the independent variable. Covariates, including age, sex, education (years), race (white vs. non-white), length of follow-up in the study (years) and FSRP were selected a priori due to their known associations with both the predictor and outcome variables. The adjusted relationship between BMI and conversion was examined for non-linearity using restricted cubic splines.
In secondary analyses, we performed a subgroup analysis by the presence or absence of significant weight loss in the 12 months preceding diagnostic outcome to relate the effect of BMI on risk of diagnostic conversion in the presence of rapid weight loss. For all participants with APOE genotyping data available (NC n=4080, MCI n=1441), first we assessed the effect of APOE ε4 status (i.e., positive=ε2/ε4, ε3/ε4, or ε4/ ε4 versus negative=ε2/ε2, ε2/ε3, or ε3/ε3) and then the effect of APOE ε4 allele count (0=ε2/ε2, ε2/ε3, or ε3/ε3; 1=ε3/ε4; 2=ε4/ε4) in secondary analyses relating BMI to diagnostic conversion. For the latter analysis ε2/ε4 was excluded due to the possible neuroprotective effects of the ε2 allele (37) .
Figure 1
Consort diagram displaying derivation of study sample for primary and secondary analyses with source of exclusion. NC=Normal Cognition. MCI=Mild Cognitive Impairment, APOE ε4= Apolipoprotein ε4
Results
Participant characteristics
Of 6940 study participants, 5061 were classified as NC at baseline and 1871 were classified as MCI. Among NC participants, the mean age was 72.4 years, 81% were White, and 69% were female. For MCI participants the mean age was 74.7 years, 82% were White and 53% were female. Table 1 displays characteristics by baseline BMI category and diagnosis. For both diagnostic groups, participants who were younger and had less years of education had increased BMI (all p-values<0.001). There were more women and White participants in the underweight category for both diagnostic groups (all p-values<0.001). In NC, the prevalence of CVD (p=0.001) and diabetes increased with BMI as did mean systolic blood pressure and mean pulse pressure (all p-values<0.001). Accordingly, there was an increase in mean FSRP score as BMI 
Figure 2
Panel A displays the predicted probability of diagnostic conversion for NC over the spectrum of BMI (kg/m 2 ), showing a decreasing probability of conversion with higher baseline BMI. Panel B displays the corresponding predicted probability of conversion for MCI, showing a similar pattern but with overall greater probability of conversion at every BMI value. Panels C and D display the predicted probability of conversion stratified by the presence or absence of significant weight in the 12 months preceding outcome measure (dotted line representing absence of significant weight loss, dashed line representing significant weight loss). NC=Normal Cognition; MCI=Mild Cognitive Impairment. For all panels, data are fitted for a given participant profile (using prevalent level for categorical covariates and median for continuous covariates), including age (75), years of education (16), race (White), sex (female), total years in study (3), modified FSRP (12) . Shading reflects 95% confidence interval
Baseline BMI category and conversion status Table 2 displays the number and percent of participants who remained stable or converted to MCI or dementia by baseline diagnostic group (NC or MCI) and by baseline BMI category. In the NC group, 634 (12%) participants converted to MCI or dementia over a mean 4.1 year (SD 2.3) follow-up period. In the MCI group, 926 (49%) participants converted to dementia over a mean 3.3 year (SD 2.0) follow-up period. Comparison between BMI categories showed a difference in conversion prevalence by BMI category for NC (P=0.002) and MCI (P=0.001). Table 3 displays the prevalence of rapid weight loss (>5% decrease in BMI in 12 months prior to diagnostic conversion) by BMI category for those individuals included in the secondary analysis that had follow-up BMI values available. The results demonstrate that in the NC group the prevalence of significant weight loss differs by BMI category, but it does not differ by BMI category in the MCI group. Table 4 displays the results of the multivariable regression analysis. Higher baseline BMI demonstrated a protective effect on the risk of diagnostic conversion in NC participants (per BMI unit increase, OR=0.977, 95% CI 0.958-0.996, P=0.015). Other covariates associated with increased likelihood of conversion included higher baseline age, lower education, and longer follow-up length. In individuals with MCI at baseline, higher baseline BMI had a protective effect on the risk of diagnostic conversion to dementia (per BMI unit increase, OR=0.962, 95% CI 0.942-0.983, P<0.001). When models were repeated restricting the sample to participants age 65 years and older, results were unchanged (data not shown). Other factors associated with increased risk of conversion included White race (MCI group only) and longer follow-up length.
Multivariable analysis of baseline BMI on conversion status
Effect of BMI on conversion status in the setting of rapid weight loss (shrinkage)
Secondary analyses relating BMI to conversion status by weight shrinkage prior to conversion reveals differing results by shrinkage group (with vs. without rapid weight loss). Compared to individuals who did not lose weight, individuals who lost significant weight were older (significant weight loss mean age of 74.4 years vs no weight loss mean age 72.9 years), more likely to be female (significant weight loss 68% vs no weight loss 63%), had a higher baseline BMI (significant weight loss mean 28.1 kg/m2 vs no weight loss 27.0 kg/m2), and had a greater frequency of cardiovascular disease and diabetes resulting in a higher FSRP (significant weight loss mean 12.4 vs no weight loss mean 11.4). There were no significant differences between groups for education, race, follow-up time in the study, or APOE ε4 status. In individuals with evidence of rapid weight loss (>5% reduction in BMI in the targeted months prior to outcome measure, for NC mean 12.3 months, SD 1.2 months, for MCI mean 12.4 months SD 1.3 months), baseline BMI no longer had an independent protective effect on diagnostic conversion in either baseline diagnostic group (NC OR=0.976, 95%CI 0.925-1.030, p=0.381;, MCI OR=0.958, 95%CI 0.891-1.029, p=0.237), while the opposite finding was observed for individuals without evidence of rapid weight loss (NC OR=0.959, 95%CI 0.933-0.987, p=0.004; MCI OR=0.953, 95%CI 0.925-0.981, p=0.001). Figure 2 shows the effect of baseline BMI on the predicted probability of conversion to MCI or dementia in primary and secondary analyses with Panel A displaying the association in NC and Panel B displaying the association in MCI. Panels C (NC) and D (MCI) display the results of the secondary subgroup analyses of the effect of BMI on diagnostic conversion by participants with (dashed line) and without (dotted line) significant weight loss showing that in NC there is a higher probability of conversion to MCI or dementia in the presence of significant weight loss. This finding was not observed in MCI. Covariates were fixed as follows (median values of MCI participants or most prevalent value of baseline characteristic: age (75), years of education (16), race (white), sex (female), FSRP (12) .
Effect of BMI and APOE ε4 on conversion status
In secondary analyses restricted to participants with APOE ε4 status data (n=5678), BMI retained its protective effect on risk of conversion when APOE ε4 status was included as a covariate in the models (NC OR=0.972, 95% CI 0.950-0.993, P=0.010; MCI OR=0.970, 95% CI 0.947-0.993, P=0.011) but BMI was no longer protective in the presence of rapid weight loss prior to diagnostic conversion (NC OR=0.95, 95% CI 0.89-1.02, P=0.145; MCI OR=1.00, 95% CI 0.92-1.09, P=0.970, data not shown in Table 3 ). As expected, APOE ε4 presence was associated with higher risk of diagnostic conversion for both baseline diagnostic groups (APOE ε4 presence: NC OR=2.17, 95% CI 1.77-2.65, P<0.001 and MCI OR=1.76, 95% CI 1.41-2.2, P<0.001; per APOE ε4 allele NC OR=2.14, 95%CI 1.79-2.56, P<0.001 and MCI OR=1.61, 95%CI 1.35-1.92, P<0.001).
Discussion
In this study of more than 6900 older adults with NC and MCI, we found that a higher late-life BMI is associated with a lower incidence of conversion to MCI and dementia; but in the presence of rapid weight loss prior to such diagnostic conversion, a higher BMI was no longer protective. Furthermore, we found that in the presence of APOE ε4, higher baseline BMI continued to be associated with a lower incidence of diagnostic conversion to MCI and AD. Again in the presence of rapid weight loss prior to such diagnostic conversion, a higher BMI was no longer protective.
To our knowledge, this study is the largest examination of the association between late-life BMI and clinically measured cognitive trajectory. Additional methodological strengths include our use of the FSRP score to statistically adjust for systemic vascular health burden, the inclusion of rapid weight loss in our analyses, and the assessment of diagnostic trajectory across the cognitive aging spectrum prior to the onset of dementia.
Our results are consistent with findings in prior smaller studies demonstrating an approximate 3-5% reduced incidence of dementia by each unit increase in late-life BMI (8, 9) . Our study differs, however, in that we confirm this prior finding in both NC and MCI diagnostic groups and include both MCI and dementia as diagnostic outcomes. Further, the high prevalence of conversion in our cohort (22% conversion overall with 12% for NC and 49% for MCI participants) yields additional increased power for our analyses compared to prior work. There are several possible explanations for our findings. First, BMI is known to increase gradually over the adult lifespan, peaking around middle age with a subsequent plateau or decrease (38) . Obesity and reduced survival are correlated until approximately 75 years of age (39) and therefore the change in association between BMI and mortality after age 75 may in part be explained by the high mortality rates of younger and middle-aged obese adults leading to a more resilient group of older obese adults in later life (40, 41) . Alternatively, our baseline characteristics are consistent with prior studies showing an overall lower BMI with age and a corresponding increase in mortality overall in older adults at the lowest weight (42) . Lower BMI may constitute an age-related gradual weight loss that parallels other age-related physiological changes (e.g., decreasing maximal heart rate, reduced creatinine clearance), representing a more accurate biological age.
Regarding AD, a majority of studies have consistently shown that a higher weight or BMI in mid-life is associated with an increased risk for developing AD in late-life (7, 43) and may represent a burden of accumulated vascular and metabolic risk factors over decades. In late life, weight loss and loss of lean body mass occur frequently before the onset of clinical symptoms and as manifestation of the clinical decline as the disease progresses (23) . A reduction in weight and change in body composition may occur as a direct result of reducing appetite or physical activity (44, 45) or as an indirect result of shared mechanisms common to AD and sarcopenia (46) (47) (48) . These associations parallel findings of other late-life risk factors for AD, such as hypertension and total cholesterol (49) (50) (51) . Although reduced appetite in persons with AD has been suggested to account for weight loss, research suggests this explanation is unlikely as weight loss occurs before the onset of clinical symptoms (23) . Mild cognitive changes can occur several years before clinical onset (52) , and pathology develops decades before the disease is clinically recognized (52, 53) . The association between lower BMI and increased risk of MCI and AD may represent a common early pathological pathway (e.g., increases in inflammation, apoptosis, and senescence) that results in both phenotypes or it may represent an individual loss of overall physiological reserve.
Shrinkage (unintentional weight loss >5% over one year) is a component of the frailty syndrome (21, 46) and an independent risk factor for cognitive impairment and AD (22) . Our results do not suggest any protective effect of higher late-life BMI in the presence of shrinkage, so baseline BMI is possibly less relevant to absolute risk of MCI or AD than the trajectory of weight changes over time. Translation of these findings into clinical practice is not straightforward as mechanisms remain unclear; however, in the setting of a patient with a family history or significant cognitive complaints, closer follow-up of memory function and risk factors (e.g., blood pressure (54)) associated with AD may be warranted in individuals with low BMI or significant unintentional weight loss.
Despite the strengths of this study described above, we acknowledge several methodological limitations. Although the NACC cohort is derived from 34 past and current AD centers across the United States, the participants are selfreferred or recruited from associated memory clinics, are predominately White and are well educated, which may limit generalizability. The unexpected finding of an increased risk of conversion from MCI to AD in White participants may in part be a result of the limitations of the cohort or possibly due to risk factor differences observed between our White and non-White participants (55) . The mean study follow-up time of 3.8 years was shorter than prior studies, but because of the large study sample and prevalence of diagnostic conversion, we had sufficient power to detect our outcomes over the relatively shorter follow-up period. Finally, secondary analyses using APOE ε4 excluded individuals who did not consent to genetic testing, which may bias results (e.g., perhaps toward individuals with a more prevalent family history of dementia).
In conclusion, the current study is among the largest to date to demonstrate the effect of late-life BMI on the trajectory of cognitive impairment. It specifically demonstrates a reduced risk of diagnostic progression with higher baseline BMI in both NC and MCI while adjusting for relevant risk factors, including burden of vascular disease. Further research examining underlying mechanisms that explain the association between BMI and brain health could further advance knowledge regarding causes of AD.
